Abstract: Repeated annual application of paper mill biosolids (PB) and liming materials may impact soil functioning, such as nutrient cycling, organic matter decomposition, and microbial activities. The objective of this study was to evaluate the residual effect of 9 yr annual applications of PB and different liming materials on soil microbial community structure and microbial biomass C, N, and P. Treatments consisted of PB at four rates (0, 30, 60, and 90 wet Mg ha −1 ), three liming by-products (calcitic lime, lime mud, and wood ash, each at 3 wet Mg ha −1 with 30 Mg PB ha −1 ), and a mineral N fertilizer surface-applied after annual crop seeding. Three years after treatment application ended, soils were sampled from 0-15 to 15-30 cm layers in each plot after corn harvest. Soil microbial community and microbial biomass C, N, and P were higher in the surface layer than deeper. Application of PB significantly increased soil microbial biomass C, N, and P and fungal biomass in both layers and induced changes in microbial community structure. In contrast, application of liming by-products did not affect microbial biomass and community. This study revealed that repeated PB application improved soil biological attributes, and those improvements can be sustained for years.
Introduction
Combined paper mill biosolids (PBs) and alkaline residuals are residues generated in large amounts by pulp and paper mills and wood facilities. Owing to the high content of nutrients in both materials and the liming properties of alkaline residuals, the land application of these residues is environmentally suitable and economically attractive in comparison with landfill or burning (Morris et al. 2000; Bird and Talberth 2008) . The disposal of PBs and alkaline residuals by land application may be a major, efficient alternative in the future.
Combined PBs has been used with success in recent decades as a potential source of N and P for crop production (Camberato et al. 2006 ). In addition, applications of PB for several years can provide short-and long-term benefits to soils, such as increases in soil C, aggregation, and moisture (Zibilske et al. 2000; Price and Voroney 2007) while improving the biological activity and microbial biomass of agricultural soils (Gagnon et al. 2000) . However, little is known about the residual effects, particularly on soil attributes, after continuous annual applications end. Understanding the response of soil microbial properties, such as soil microbial biomass C, N, and P (SMB-C, SMB-N, and SMB-P, respectively) and soil microbial community structure, has important implications for the development of strategies that optimize soil fertility.
Soil amendment with PB and the lack of mixing of crop residues in conservation tillage systems could result in nutrient stratification by depth over time (Lupwayi et al. 2006) . Cade-Menun et al. (2010) and Abdi et al. (2014) reported that long-term mineral fertilization in a no-till system, in which crop residues are maintained at the surface, is likely to result in a higher levels of total C and N and a higher Mehlich-3 P (P M3 ) content in the soil surface layer than deeper. In addition, amending agricultural soil with organic manure under reduced tillage management caused stratification of organic C and SMB-C in the soil profile (Gadermaier et al. 2012) . Shi et al. (2012 Shi et al. ( , 2013 observed that SMB-C, SMB-N, SMB-P, and microbial community structure were significantly affected by soil depth under no till owing to the stratification of organic matter in this type of system.
Alkaline residuals from the processing of forest products not only are applied to soils primarily for liming (Maier et al. 2002; Perucci et al. 2008; Abd El-Azeem et al. 2013) but also act as a source of nutrients (Muse and Mitchell 1995; Mayfield et al. 2001; Lalande et al. 2009 ). For instance, wood ash (WA), which is produced during the burning of PB or wood residues, contains oxides and hydroxides of Ca, P, K, and Mg (Someshwar 1996; Demeyer et al. 2001) . Lime mud (LM), which results from the chemical recovery of digestion liquors used in the kraft paper process (Camberato et al. 1997) , contains as much calcium carbonate equivalent as natural agricultural lime. Numerous studies examined the effects of liming by-products on soil chemical properties, especially pH, but little attention has been paid to the response of biomass and structure of the soil microbial community. Lalande et al. (2009) showed that industrial liming by-products increased the activities of dehydrogenase and alkaline phosphatase in two acidic soils of contrasting textures submitted to intensive agricultural practices. As for PB, information is still lacking on the residual effects of liming by-products added over a period of years on SMB-C, SMB-N, and SMB-P and on the structure of the microbial community.
The objective of this study was to investigate the residual effect of PB and liming materials, 3 yr after the end of nine consecutive years of repeated applications, on SMB-C, SMB-N, SMB-P, and microbial community structure. We hypothesized that PB and liming by-products due to their respective effect on soil organic matter and pH increase SMB-C, SMB-N, and SMB-P and change soil microbial community structure and that these properties change with soil depth.
Materials and Methods

Experimental site
The experiment was initiated in the spring of 2000 in Yamachiche, QC, Canada (46°17′N, 72°48′W). The soil was an imperfectly drained Chaloupe loam (Orthic Humic Gleysol, 130 g clay and 417 g sand kg −1 dry soil) that had developed on recent fluvial deposits of the St. Lawrence River. The soil initially contained 20 g total C, 157 mg P M3 , and 226 mg Mehlich-3 K kg −1 dry soil, with a pH water of 6.2 in the top 0-15 cm layer. The experiment was set up in a randomized complete block design with four replicates. Individual plots were 3 m × 10 m. For the years of PB and alkaline residuals application (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , the crop rotation consisted of grain corn (Zea mays L.) for 7 of the 9 yr, dry bean (Phaseolus vulgaris L.) in 2003, and soybean (Glycine max (L.) Merr.) in 2005. During the residual years (2009) (2010) (2011) , the crop rotation was dry bean in 2009, winter wheat (Triticum aestivum L.) in 2010, and grain corn in 2011. Plots were direct seeded from 2000 onward on a soil that was subjected to a minimum tillage in the spring. In 2011, the year for the present study, all plots were disked to 10 cm in the spring to bury the mustard (Brassica sp.) fall cover crop. Then, grain corn (Croplan Genetics cv. 229VT3) was planted at a 76 cm row spacing on 31 May with basal liquid fertilization of 3 kg N, 5 kg P, and 2 kg K ha −1 . Calcium ammonium nitrate (270 g kg
) was broadcast applied on 20 June at a rate of 120 kg N ha −1 to the mineral fertilizer treatment only.
Herbicides were applied according to provincial recommendations, and the corn was harvested on 19 Oct.
Description of treatments
From 2000 to 2008, eight treatments (described in more details in Gagnon and Ziadi 2012) were evaluated. Briefly, combined PBs from thermomechanical pulp In addition, three liming by-products, each at 3 wet Mg ha −1 and 30 Mg PB ha −1 , were assessed: (1) LM from kraft paper processing, (2) WA from combusted deciduous trees, and (3) calcitic lime (CL). All materials were applied annually about 1 mo after crop seeding and were left on the soil surface between crop rows for the rest of the growing season. This period of the year was chosen because it is less busy for the producer, and the soil can better support the spreader. However, mechanical incorporation of residuals that would have enhanced decomposition during the season could not be done because it may disturb development of young plants and roots. Since 2009, no input except for the MIN treatment was applied. The PB used in this experiment was acidic with high total C, N, and P contents (Table 1) . With a C/N ratio around 20, the PB had a good potential to fertilize crops. Both the LM and CL had a high calcium carbonate equivalent and contained large amounts of total Ca. The WA had a lower liming potential than the two others but added some P, K, and Ca.
Soil sampling and chemical analysis
Soil cores (three per plot) were taken at depths of 0-15 and 15-30 cm after the corn harvest in October 2011, which was 3 yr after the PB and liming materials applications ending. The cores were combined and stored at 4°C until microbial analyses were completed. All chemical analyses were completed within few weeks. A subsample was air-dried and sieved to pass 2 mm.
Phosphorus, Al, and Ca were extracted using Mehlich-3 solution (Mehlich 1984) , and all elements were determined by inductively coupled plasma optical emission spectroscopy (Model 4300DV, Perkin Elmer, Shelton, CT, USA). Soil pH was measured in distilled water using a 1:2 soil:solution ratio (Hendershot et al. 2007) . A LECO CNS-1000 analyzer (LECO Corp., St. Joseph, MI, USA) was used to quantify total carbon (TC) and total nitrogen (TN) by dry combustion of soils ground to less than 0.2 mm.
Soil microbial biomass C, N, and P
The SMB-C and SMB-N were determined on duplicate field-moist samples (10 g fresh weight) using the chloroform fumigation-K 2 SO 4 extraction method of Voroney et al. (1993) . The fumigated and nonfumigated K 2 SO 4 extracts were quantified for SMB-C using an automated combustion total organic C analyzer (Formacs; Skalar Analytical, Breda, the Netherlands). The difference in C content between the two extracts was corrected using an extraction efficiency factor (K EC ) of 0.45 (Wu et al. 1990 ). The SMB-N was determined by autoclaving the fumigated and nonfumigated extracts according to Cabrera and Beare (1993) to oxidize the NH 4 + to NO 3 − , which was then quantified using an automated continuous-flow injection colorimeter (QuickChem 8000 FIA+; Lachat Instruments, Loveland, CO, USA) with the Cd-Cu reduction procedure (Lachat method 12-107-04-1B). The SMB-N was computed as the difference in total N content between treatments using an extraction efficiency factor (K EN ) of 0.54 (Brookes et al. 1985) . The SMB-P was determined using the chloroform fumigation-extraction method of Brookes et al. (1982) on 7 g (fresh weight) samples. Moist soil samples were split into three sets: nonfumigated, fumigated, and spiked with 25 μg P g −1 dry soil. After extraction with 0.5 mol L −1 NaHCO 3 (pH 8.5), the P content was measured by spectrophotometry at a wavelength of 882 nm on a U-1000 spectrophotometer (Hitachi Ltd., Tokyo, Japan) using the ascorbic acid-molybdate reaction (Murphy and Riley 1962) . To calculate SMB-P, the P content of the 
Note: Values are the average (± standard error) for the last 6 yr of application (2003) (2004) (2005) (2006) (2007) (2008) ; material sources had been changed from 2000 to 2002 (Gagnon and Ziadi 2012) . CCE, calcium carbonate equivalent; DM, dry matter; ND, not determined. nonfumigated soil was subtracted from the fumigated sample and divided by the product of the extraction efficiency factor of P from lysed microbial cells (K EP ) of 0.40 (Brookes et al. 1982 ) and the percent recovery (proportion of P spiking recovered in each nonfumigated soil sample).
Phospholipid fatty acid analysis
Phospholipid fatty acids (PLFAs) were analyzed as described in Lalande et al. (2005) . Total lipids were extracted by shaking 100 g of fresh soil with 100 mL of high-performance liquid chromatography-grade methanol:chloroform (70:30 v/v), according to Bligh and Dyer (1959) and Kolarovic and Fournier (1986) . The soil suspension was filtered and then dried by rotary evaporation under vacuum. The separation of lipids into neutral, glycol, and polar fractions was conducted using chromatography on silicic acid (Zelles and Bai 1993) . The polar lipid fraction was then converted to methylated PLFA by methanolysis (White et al. 1979) . Each sample received methyl nonadecanoate fatty acid (Sigma-Aldrich, Oakville, ON, Canada) as an internal standard and was dried and then stored at −18°C until analysis. Gas chromatography analysis was conducted using a Varian 3900 gas chromatograph equipped with a CP-8400 autosampler and a flame ionization detector, according to Beauregard et al. (2010) .
Phospholipids were identified and quantified as reported in Shi et al. (2012) by comparing their retention times with those of standards, such as Supelco Bacterial Acid Methyl Esters (No. 47080-U; Sigma-Aldrich) and the arbuscular mycorrhizal fungi (AMF) biomarker C16:1ω5 (No. MT1208; MJS BioLynx Inc., Brockville, ON, Canada). The abundance of individual PLFA was expressed as micrograms of PLFA per gram of soil. Amounts were derived from the relative area under specific peaks in comparison with internal C19:0 peak values, which were calibrated according to a standard curve made from a range of concentrations of the C19:0 fatty acid methyl ester standard dissolved in hexane. Bacterial and fungal fatty acids were named according to the Supelco standard in the International Union of Pure and Applied Chemistry (IUPAC) system as reported in Lalande et al. (2005) , whereas the AMF biomarker (C16:1ω5) was named as follows: total number of carbons followed by a colon, the number of double bonds, the symbol ω, and the position of the first double bond from the methyl end of the molecule. Individual fatty acids have been used as signatures for various functional groups of microorganisms (Zelles et al. 1995) . Biomarkers 2OH-C12:0, 2OH-C14:0, 3OH-C14:0, 2OH-C16:0, C14:0, a-C15:0, i-C15:0, C15:0, C16:0, i-C17:0, C17:0 Δ , C17:0, and C18:0 were chosen to represent bacteria (Bossio et al. 1998; Bardgett et al. 1999; Grayston et al. 2001) . Specifically, the PLFAs a-C15:0, i-C15:0, and i-C17:0 were used as biomarkers for Grampositive bacteria (Sundh et al. 1997) and PLFAs 3OH-C14:0 for Gram-negative bacteria (Spring et al. 2000) . Moreover, biomarkers C18:1c and C18:1t were considered to be of bacterial origin because we used agricultural rather than forest soils (Frostegård et al. 2011 ). Biomarker C18:2ω6,9 indicated fungal biomass (Frostegård and Bååth 1996) , and biomarker C16:1ω5 indicated AMF biomass. Many studies associated biomarker C16:1ω5 with AMF (Nordby et al. 1981; Spring et al. 2000; Balser et al. 2005; Beauregard et al. 2010; Helgason et al. 2010) , although it was also reported in some Gramnegative bacteria (Olsson et al. 1999 ).
Statistical analysis
All data were subjected to a normality test using the univariate procedure of SAS (SAS Institute 2004) . Analysis of variance (ANOVA) was performed using the MIXED procedure with treatments and depth as fixed effects and replications as random effects. Owing to a nonsignificant treatment × depth interaction for all properties except Mehlich-3 Ca (Ca M3 ), both soil layers were combined. Main treatment effects on soil properties were compared using orthogonal polynomial contrasts for PB rates (linear and quadratic effect) and single- 
Results
Soil chemical properties
Significant treatment effect on soil chemical properties was found 3 yr after the end of 9 yr of continuous amendment application (Table 2 ). The TC, TN, and P M3 contents were significantly (P < 0.001) higher in the top soil layer than deeper, whereas the opposite was found for soil pH. No significant treatment × depth interaction was found for any of the soil properties except Ca M3 .
Averaged across soil layers, TC, and TN levels exceeded the control by 42% and 18%, respectively, with the 90 Mg PB ha −1 application rate (Table 2) . However, these soil properties decreased significantly in the 3 yr after PB application ending by 20% and 18% for TC with 60 and 90 Mg PB ha −1 , respectively, and by 9% for TN with 90 Mg PB ha −1 (Fig. 1) . Furthermore, PB application significantly increased soil TC and Mehlich-3 Al (Al M3 ) and decreased pH in comparison with MIN, likely because the PB added in the last 6 yr was acidic (Table 1 ) and (or) the MIN plots had received alkaline residues from the Mg industry early in the experiment (2000-2002) (Gagnon and Ziadi 2012) . Three years after the end of repeated annual applications of liming materials, soil P M3 and pH were higher than with 30 Mg PB ha −1 applied alone; however, the opposite was true for Al M3 (Table 2 ). The addition of LM and CL resulted in the greatest residual soil pH increases and Al M3 decreases, likely due to the higher liming capability (calcium carbonate equivalent) of LM and CL relative to WA (Table 1) . Soil Ca M3 content in the 0-15 cm layer was increased considerably by historical CL and LM additions (Fig. 2) . In the 15-30 cm soil layer, LM resulted in the highest increase, followed by CL. In contrast, WA had no residual effect on soil Ca M3 content in both soil layers.
Three years after PB application ended, SMB-C, SMB-N, and SMB-P were higher in the top 0-15 cm layer than in the next layer regardless of treatment (Table 3) .
Averaged across soil layers, SMB-C, SMB-N, and SMB-P were significantly (P < 0.01) increased by PB rates, and only SMB-P was significantly higher with PB compared with the MIN treatment. Moreover, SMB-C and SMB-P were increased by historical alkaline residuals addition, particularly WA in comparison with CL. Significant positive correlations were established between SMB-C and TC (r = 0.67, P < 0.001), SMB-N and TN (r = 0.65, P < 0.001), and SMB-P and P M3 (r = 0.50, P < 0.001) ( Table 4) .
Soil microbial community structure
Similar to microbial biomass, the relative abundance of soil microbial community as determined by PLFA was influenced by soil depth. Indeed, Gram-positive (G + ) and Gram-negative (G − ) bacteria, fungal, and AMF biomasses were around 50% lower in the 15-30 cm soil layer than in the 0-15 cm layer (Table 3) . No significant treatment × depth interaction was found. Only soil fungal biomass was influenced by treatments, with a linear increase with PB rate. In addition, fungal/bacterial (F/B) ratio was significantly affected by PB treatments (30 and ; ns, not significant; ***, P < 0.001; **, P < 0.01; *, P < 0.05.
Mg ha
−1 ), whereas no significant effect was observed for G + /G − . The fungi and AMF biomasses were positively correlated with soil TC, TN, SMB-C, SMB-N, and SMB-P at a lesser extent (Table 4 ). The ratios of F/B and G + /G − were positively correlated with soil TC, TN, SMB-C, and SMB-N. Soil microbial community was dominated by biomarkers for G + bacteria (a-C15:0, i-C17:0, and C15:0) and C16:0, which represented a total abundance exceeding 50% (Fig. 3) . The relative abundance of biomarker for G + i-C17:0 was greater in the 0-15 cm soil layer than in the 15-30 cm layer, whereas the reverse was found for biomarker C16:0. These two biomarkers were the main contributors to the changes in the soil microbial community composition. Principal component analysis with soil microbial functional groups revealed that the two first axes PC1 and PC2 explain 71% of the total variation (Fig. 4) . Soil depth and treatments significantly affected PC1 and PC2 (Table 3) Fig. 4a ).
The relative abundance of fungi and other general bacteria was closely associated with the plots amended with 30 and 90 Mg PB ha −1 (Fig. 4b ).
Discussion
Effect of soil sampling depth
Our results show that regardless of the treatment, the top 15 cm of soil accumulated more TC, TN, and P M3 and had higher soil microbial biomass and communities than the deeper layer did. This difference is likely due to the decomposition of the PB residues that were applied to the soil surface and not incorporated (Gagnon and Ziadi 2012) . By disking only the soil surface (0-10 cm) in the following spring, decomposition of PB residues may have been enhanced in this soil layer. This result agrees with other studies reporting a stratification of TC, TN, and P M3 (Poirier et al. 2009; Abdi et al. 2014) and microbial biomass (Shi et al. 2012 (Shi et al. , 2013 along the profile of undisturbed soil.
We found significant positive correlations between TC, TN, abundance of fungi, and AMF, and SMB-C, SMB-N, and SMB-P. This observation indicates that TC and TN accumulations over time may have created conditions favorable to the growth of microbial communities (Shi et al. 2012) . Our study also indicated that the decline in C and N availabilities with soil depth may be responsible for the changes in microbial relative abundance (Fierer et al. 2003; Bausenwein et al. 2008; Hansel et al. 2008) . Table 3 . Statistical analysis for microbial biomass and community in soils 3 yr after the end of 9 yr of continuous annual applications of paper mill biosolids (PBs) and liming by-products. ; 90PB, PB at 90 wet Mg ha −1 ; ns, not significant; ***, P < 0.001; **, P < 0.01; *, P < 0.05. 
Note: TC, total carbon; TN, total nitrogen; P M3 , Mehlich-3 P; Al M3 , Mehlich-3 Al; Ca M3 , Mehlich-3 Ca; SMB-C, soil microbial biomass carbon; SMB-N, soil microbial biomass nitrogen; SMB-P, soil microbial biomass phosphorus; AMF, arbuscular mycorrhizal fungi; G + , Gram-positive bacteria; G − , Gram-negative bacteria; F/B, fungal bacterial ratio; ns, not significant; ***, P < 0.001; **, P < 0.01; *, P < 0.05. Abdi et al. 195 Published by NRC Research Press
Residual effect of treatments Residual effect of paper mill biosolids application
The increases in soil TC and TN over the control reveal that PB addition still had a beneficial effect on soil organic matter even 3 yr after the treatments ended. Positive effect of PB on soil organic matter has been previously reported at the end of the continuous applications in 2008 (Gagnon and Ziadi 2012) . During the last 3 yr without PB addition, materials previously applied continued to decompose, at a significant (P < 0.001) faster rate for the 60 and 90 Mg PB ha −1 (Fig. 1A) . This suggests that high PB rates which promote higher microbial activity (Gagnon et al. 2000) and biomasses will enhance material decomposition (Foley and Cooperband 2002) . This is evidenced in this study because no fresh PB was added since last 3 yr, which would have replenished soil organic matter (Newman et al. 2005) . Similarly, soil TN content decreased significantly (P < 0.01) in the plots amended with 90 Mg PB ha −1 , whereas it was more stable with 30 and 60 Mg PB ha −1 (Fig. 1B) .
The increases in soil TC and TN with PB rates were accompanied by an increase in fungal biomass abundance relative to bacteria. These changes were also associated with increases in SMB-C and SMB-N. This suggests that soil organic matter is an important factor affecting the fungal community and its activities (Mille-Lindblom and Tranvik 2003) . This effect can be related to the lignin degradation ability of fungi (van der Heijden et al. 2008) that is responsible for the slow decay phase of biosolid C decomposition (Chantigny et al. 2000) . Rousk and Bååth (2007) reported that fungal biomass turns over slowly in the soil (between 130 and 150 d), whereas bacterial biomass grows more rapidly (2-34 d) (Bååth 1998) . The ability of fungi to decompose organic residues under different soil management systems has been well investigated (Frey et al. 2000; Achat et al. 2010; Sun et al. 2016) . Barreiro et al. (2016) reported that the addition of crop residue with a high C/N ratio improved the fungal growth in the soil compared with bacterial growth. Likewise, Malik et al. (2016) found that the increase abundance of fungi relative to bacteria following a litter addition to the soil was linked to higher C storage. Thus, it appears that amending soils with PB for several years improved their biochemical properties, and the enhanced soil microbial quality and fertility still remained even 3 yr after the treatments ended.
Residual effect of liming by-products application
This study shows that all liming materials still increased soil pH 3 yr after application ended, a result that was expected and corroborates conclusions found in the literature (Maier et al. 2002; Lalande et al. 2009; Arshad et al. 2012; Pita et al. 2012 ). The highest pH was obtained with the applications of CL and LM, likely owing to their higher neutralizing capability in comparison with WA. Increases in soil pH resulted in decreases in Al M3 , which can reduce P fixation and thus increase P M3 (Haynes 1982) . These results for pH, Al M3 , and P M3 point to a persistent effect of liming amendments.
Our results indicated that repeated annual additions of liming by-products, especially CL and LM, increased soil Ca M3 content. This increase was expected owing to the high Ca content of the applied CL and LM in comparison with WA. A number of studies reported a pronounced effect of liming by-products application on soil available Ca (Lalande et al. 2009; Ziadi et al. 2013) .
Liming materials application had a significant residual effect on SMB-C and SMB-P but not on soil organic matter and microbial relative abundance. The impact that the liming materials had on soil pH was not a determining factor in microbial community structure, a result that contrasts with a previous study indicating that the microbial community composition in the beech and beech-oak forest soils was to a large extent determined by soil pH in a gradient of 3.0-7.2 (Bååth and Anderson 2003) . This different response could be due to the narrower soil pH gradient in our study (5.6-6.8). The small gradient of pH could not be able to induce changes in soil microbial community structure. Both SMB-C and SMB-P still increased 3 yr after the end of application of LM and WA, respectively, and were well correlated with P M3 . The more substantial increase in SMB-P with the use of WA is probably related to the higher total P content of this product. This means that SMB-P may act as a sink for P by immobilizing phosphate ions (Oberson and Joner 2005) .
Conclusion
The application of PB during nine consecutive years still benefited soil chemical and microbial properties 3 yr after the end. Both TC and TN were enhanced proportionally to the application rate, leading to improvements in SMB-C, SMB-N, and SMB-P, which were associated with an increase in fungal biomass abundance relative to bacteria. Amending soil with PB provided more benefits than mineral fertilization did. The application of liming by-products along with PB resulted in increased soil pH, Ca M3 , and P M3 . However, these increases translated only into enhanced SMB-C and SMB-P but not into changes in the soil microbial community. These results support the use of PB and alkaline residuals as supplemental sources of organic matter and nutrients to sustain soil quality and fertility in the long term.
